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ABSTRACT: HexPak is a deployable satellite structure that offers several advantages to small satellite missions,
including ease of scalability, a geometry naturally adapted for plug-and-play architectures and multiple missionspecific component layouts, and a large deployed aperture from an optimal stowed volume. It consists of hexagonal
bays that stack when stowed to efficiently use payload fairing volume, but deploy to a planar structure with deck
area many times the fairing cross-section. The large deployed area to fairing size ratio supports large aperture
payloads, multiple payloads, heat rejection significantly beyond traditional designs, multiple manifest with minimal
wasted support mass, and easy access on orbit for expansion and flexibility for reconfiguration on orbit.
For
missions that require a large number of platforms, the modular structure offers easy interchangeability of HexPak
bays which makes it possible to maintain a consistent production flow even during periods of parts shortages.
Standard physical interfaces also allows for commonality in tooling, fixturing, testing and ease of satellite
integration. The hexagonal geometry is near optimum for taking advantage of available faring envelopes and the
folded structure is self-supporting, which minimizes the need for additional structure to support launch. Mission and
subsystem design trades, including launch vehicle accommodation, structural design, layout and configuration are
described.

INTRODUCTION
The last twenty years have seen increasing acceptance
of small satellites, advancing their position from niche
applications to consideration for a broader swath of
mainstream missions. Some of the remaining barriers
to large scale adoption of small satellites include
capability in terms of deck area and aperture size,
effective use of launch vehicles, and the non-recurring
engineering invested in point designs
HexPak directly approaches these issues with an
innovative approach that provides the design flexibility
to address a broad range of missions with common

hardware.
This paper describes the HexPak
architecture and the advantages specific to small
satellite missions, and explores several trades involved
with their design.
BACKGROUND
HexPak Concept
HexPak is a deploying satellite structure that fits
efficiently in a payload fairing when stowed. When
deployed, it uses hinges and latches between hexagonal
bays to provide a very large planar structure on which
payload and bus components can be mounted (Figure
1).

Figure 1. HexPak Deployment from a Small Launch Vehicle Fairing - 4 Bay Configuration
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HexPak Advantages
HexPak has multiple strengths supporting the needs of
small satellites:
Stowed Geometry
Because it uses almost the entire cross-sectional area of
a launch vehicle fairing, the stowed geometry optimally
uses available volume. Multiple satellites can be
stacked on top of each other for launch, minimizing
adapter mass and simplifying constellation or formation
deployment.

Deployed Geometry
The deployed HexPak provides a huge deck area
compared to traditional structures, basically the fairing
cross-section times the number of bays. This real estate
can accommodate multiple large aperture instruments
acting either cooperatively, or simply sharing the same
platform.

Small Launch
Vehicle
Fairing
(1.3 m dia)

b
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c

Figure 4. Large Deployed Area – Example
Comparison Between a) Traditional Structure, b)
Non-Deploying HexPak, c) 4-Bay HexPak
For a small satellite, where a fundamental limitation on
capability has been the deck area that can be aimed in
one direction, this is a powerful enabler. While nondeploying designs can never provide more area than the
fairing lateral or vertical cross-section, a HexPak design
can provide many times that area. For an example
configuration of 4 bays, a 1 m diameter hexagon
provides 2.6m2, and a 1.3m diameter provides 4.4m2.

Satellite 1
Satellite 2

Figure 2 - Efficient Use of Fairing Volume, Two 4
Bay Small Satellites

Thermal Performance
Non-deploying satellites are ultimately limited in their
power use by their ability to dissipate waste heat, which
requires a shift of usable mass fraction from payloads to
deployable radiators. HexPak, however, is a planar
structure, with radiating area increasing linearly iwht
added mass. Although this not a significant advantage
for small satellites today, increasing power density for
future small satellites will result in better performance
per unit mass, better utility for the spacecraft, and the
need for improved thermal performance. In particular,
current advances in lighter weight deployable power
collection will ultimately make this an exploitable
advantage.

Indeed, a variety of stacking options are available to
allow different mission types to make the best use of
payload fairing volume on available launch vehicles.

Traditional
Structure

a
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HexPak

Figure 3. Stowed HexPak Stacking Options for a)
Single Manifest, b) Large Structure, c) Multiple
Manifest, d) Constellation or Formation of Single
Bay Satellites
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Manufacture
The modular nature of the structure allows for
assembly, integration, and test of individual bays in
parallel, rather than the bottleneck created by a single
satellite structure. Once components are integrated on
the bay level, the bays can be electrically integrated,
and then structurally integrated (Figure 6). For small
satellites, the bays can be constructed from simple
sandwich panels and extrusions, with a very low part
count, and bays can be resized for different fairings and
masses by varying only a few dimensional parameters.

Figure 7. Reconfigurable HexPak Mission Scenario
Although this approach is not currently used, and
certainly not necessary for many missions, there are
scenarios where it is desirable, as evidenced by the
DART and Orbital Express experiments. Additionally,
it lends itself toward formation flying, reconfigurable
apertures, and fractionated2 spacecraft. Adopters of the
HexPak architecture, while not committed to significant
overhead to accommodate this growth path, are already
positioned to follow it if it emerges.

Individual bays undergo AI&T in parallel
Electrical Integration
Modu le
Flexib l
e
Interco
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Figure 6. Modular Structure Aids Efficient
Assembly, Integration, and Test
Significant cost and schedule savings are possible with
an open, modular structure, particularly for large
production runs of similar spacecraft. Access to
components is unhampered until the final stacking of
the bays, and components can be grouped by function,
obsolescence, lead time, etc and streamline production
based on the supply chain, or mission needs that evolve
over a production run. Additionally, integration and
testing at the individual bay level can be conducted at
geographically diverse sites, and only brought together
for final integration.
On-Orbit Reconfigurability and Servicing
Finally, the modular design also accommodates onorbit reconfiguration. With appropriate interfaces
individual hexes can attach and detach autonomously.
In the pictured scenario (Figure 7), a HexPak structure
is launched, deployed, and performs a mission. At a
later time a second launch can add more hexes, either
joining the existing platform to augment its
performance, or replacing obsolete or consumed hexes.
The two dimensional geometry also simplifies missions
where consumables are resupplied or individual
components replaced.
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DESIGN TRADES
The sizing of the hex bay structures to fit various
vehicles and support launch loads, and the
configuration of bays, solar arrays, and propulsion are
examined in the following sections.
Launch Vehicle Accommodation
For maximally efficient use of launch vehicle fairing
volume (subject to the constraints of subsystem and
payload component dimensions) the diameter and depth
of the hexagonal bays can be modified. As illustrated
in Figure 8, this geometry can be optimized for a
particular launch opportunity, or sized to permit launch
in a variety of them.
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Bay Structural Design Trades
A particularly useful number to determine is the
structural mass fraction required to achieve a stowed
natural frequency sufficient for the launch environment
on various vehicles. This is important both to compare
HexPak designs to other busses, and to determine what
ratio of spacecraft mass can be dedicated towards bus
and payload components. To determine the structural
mass required a parametric trade using finite element
models was conducted.
Model Description
For the finite element model used in the study, the
baseline bay model is a 1 meter diameter hex 0.15
meters tall. The floor and walls are both sandwich
panels with aluminum facesheets 80 mil thick and
aluminum honeycomb core 4% the density of solid
aluminum. The floor and wall are connected by
extrusions which are approximated in the model as rigid
to rotation about the floor/wall junction. Vertical loads
are carried through a stack of bays by vertical support
members at the corners of the hex. These are modeled
as channel beams with a 1” square cross section and
1/16” web thickness. The bay is modeled as 1,032
elements and 3000 nodes with 15,472 degrees of
freedom.

d

Figure 8. Example Accommodation of HexPak
Stacks on a) Pegasus, b) LM DARPA Falcon, c)
SpaceX Falcon 1, and d) ESPA Ring. Bay
Dimensions Are 0.9 m dia x 0.15 m height
(Magenta), 1 m dia x 0.2 m height (Green), and 1.3
m dia x 0.2 m height (Blue)
It should be noted that component heights are not
limited to just the height of a single bay, and that the
topmost bay of a stack can support larger volume
payloads.
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Figure 10. Finite Element Model of Single 1 m
Diameter Bay
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Rather than tie the results to a specific interface with
the launch vehicle, the bottom-most bay in each
modeled stack is constrained as shown in Figure 11,
with vertical support at the corners, and nodes along the
x and y axes constrained only to prevent rigid body
rotational and translational modes.
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Figure 9. HexPak Stows with High Packing Density
for a Variety of Component Sizes
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evenly over the floor panel (this initial spread mass is
based on a four bay HexPak flying on a small launch
vehicle capable of delivering 500 kg to a 700 km LEO
circular orbit, and with a 20 kg interface).

z-constraints at
6 corners

Intuitively, the first mode shape should see the floor
drum vertically, thus changes in the stiffness of the
floor should be more important than changes in the
wall, which provides only secondary stiffening against
this mode shape.

y-constraint
on x axis

x-constraint on
y axis

Figure 12. "Drumming" Mode Shape

Because the corners are supported only in the vertical
direction and free to move in the plane of the hex
(subject only to the constraints preventing rigid body
motion), very little contribution to the stiffness of the
structure is introduced from the boundary conditions.
In particular, the first mode of the bay, a vertical
“drumming”, is not at all constrained. Thus results of
the study should conservatively err on the side of
underestimation of the actual structural natural
frequency for whatever interface design is actually
used.
Parameters
In the following investigations, several parameters are
varied to determine their importance, and to bound the
performance in terms of natural frequency vs. structural
mass fraction. These parameters include:
•
•
•
•
•
•

Thickness of sandwich core in the wall panels
Thickness of sandwich core in the floor panels
Diameter of the bay
Number of bays on the stack
Facesheet material of wall and floor panels
Additional non-structural mass added to the
floor panels

Investigations
First Mode of a Single Bay
To determine the relative importance of the thickness of
the wall and floor on the first frequency of a single bay,
we examine a matrix of designs in which the wall
thickness can be 0.5”, 1.0”, and 1.5”, and the floor can
be 0.5”, 1.0”, 1.5”, and 2.0”. To simulate the mass of
components, 120 kg non-structural mass is spread
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In the Figure 13, the natural frequency is shown versus
the structural mass fraction (the mass of structural
elements over the total mass in model). The ideal
structure will minimize its mass fraction while
exceeding some threshold natural frequency. Indeed,
the mode shape is a drumming as expected, and
changes in floor thickness provide a more positive slope
than changes in wall thickness (cases with the same
floor thickness and varying wall thickness are shown
connected).
Single Bay
120
Natural Frequency (Hz)

Figure 11. Constraints on Bottom Bay in Stack
Introduce Minimal Additional Stiffening
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Figure 13. Natural Frequency vs. Structural Mass
Fraction for a Single Bay with 0.5", 1.0", 1.5" Walls
at Different Floor Thicknesses
First Mode of Stacked Bays
For the next investigation, stacking of multiple bays
was examined, with masses calculated for flight on a
Falcon 1 launch vehicle. Nominally 500 kg can be
launched to 700 km altitude orbit, with the constraints
that the center of gravity cannot exceed 40” above the
separation plane, and the payload natural frequency
must be above 25 Hz.
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Although the final structural mass must ultimately be
determined by iteration, the mass of a single bay with
90 Hz natural frequency was 15 kg, and is used as a
reasonable starting point (the structural mass for all
cases of wall and floor thickness in the single bay study
varied between 13 and 16 kg). The available payload
mass for each stack is based on estimates of 15 kg per
bay and interbay interfaces, and 30 kg and 13 cm height
for the launch vehicle interface. For reference, the total
deck area and center of gravity height (which never
exceeds the 40” limit) are also given.
For a stack of bays, there are two mode shapes that we
can expect, a mode where all bays are drumming, and a
lateral mode where the stack sways side to side.

drumming

lateral

Figure 15. Mode Shapes for a Stack of 4 Bays
Figure 14. Accommodation of Different Size Stacks
in Falcon 1 Fairing
For the previously described bay geometry,
approximately 12 bays could be stacked in the fairing
volume before exceeding the dynamic envelope. Given
the 500 kg total mass, the non-structural mass that
could be evenly distributed to each bay can be
calculated. As a function of the number of bays in the
stack, Table 1 shows the height of the structure, the
total mass of payload it would ideally support, and the
payload mass per bay.
Table 1. Mass Distribution and Characteristics for
Stacks with Different Numbers of Bays
structure payload payload unfolded
#
structural height
mass
mass/bay area
bays mass (kg) (m)
(kg)
(kg)
(m^2)
1
45
0.28
455
455.00
0.65
2
60
0.43
440
220.00
1.30
3
75
0.58
425
141.67
1.95
4
90
0.73
410
102.50
2.60
5
105
0.88
395
79.00
3.25
6
120
1.03
380
63.33
3.90
7
135
1.18
365
52.14
4.55
8
150
1.33
350
43.75
5.20
9
165
1.48
335
37.22
5.85
10
180
1.63
320
32.00
6.50
11
195
1.78
305
27.73
7.14
12
210
1.93
290
24.17
7.79
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(in)
5.51
8.46
11.42
14.37
17.32
20.28
23.23
26.18
29.13
32.09
35.04
37.99
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The contributions of different structural elements to the
natural frequencies at which these modes occur are
relatively decoupled. If the floors are sufficiently stiff,
the drumming mode will have a higher frequency than
the lateral mode, which will then be the first natural
frequency.
This trade between modes is illustrated in the results in
Figure 16. For the cases with 0.5” and 1.0” thick floor
panels, the first mode is drumming. Increasing the
floor thickness from 0.5” to 1.0” significantly raises the
frequency of this mode. Increasing the floor thickness
to 1.5” raises the drumming mode frequency above the
lateral mode frequency, which appears to be around 75
Hz. Further increases in the floor thickness have
virtually no effect on the natural frequency of the first
mode because the drumming mode is stiffer than the
lateral mode, which has replaced it as the lowest natural
frequency. The changes in wall thickness have only a
small effect on the frequency of either mode.
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4 Bay Stack

4 Bay Stack Using Composite Facesheets
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Figure 16. Natural Frequency vs. Structural Mass
Fraction for a 4 Stack Bay with 0.5", 1.0", 1.5"
Walls at Different Floor Thicknesses
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Figure 18. Natural Frequency vs. Structural Mass
Fraction for a 4 Bay Stack with 0.5" and 1.5" At
0.5”, 1.0”, and 1.5” Floor Thicknesses

Indeed, as shown in Figure 17, when the 8 and 12 bay
configurations are examined, there is virtually no
change in their natural frequency due to changing floor
or wall panel thickness. The stack acts essentially as a
cantilevered beam, and as the same mass is stretched
over a greater length, the lateral mode frequency gets
lower.
4, 8, and 12 Bay Stacks
90

Figure 18 illustrates the performance gain for the 1
meter diameter hexes when composites are used.
Additionally, it shows the performance of a 1.3 meter
diameter composite hex (a 69% increase in area of the
1.0 meter diameter hex) with the same areal density of
nonstructural mass. As a primary payload, the first
mode frequency should usually be above 25 Hz, and as
a secondary payload the requirement is often above 50
Hz. Clearly designs with reasonable structural mass
fractions and significant margins are possible.

4 bays

80

8 bays
70
Natural Frequency (Hz)

100

20

0.11

Conclusions
HexPak designs with structural mass fractions below
10% are easily achievable on the launch opportunities
available for small satellites. Performance can be
tailored for specific designs by varying just the
thickness of the floor panel and the vertical supports at
the corners. Alternately, a design with sufficient
margin to support a broad range of environments and
loads can be adopted and reused over multiple
missions.

12 bays

60
50
40
30
20
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0
0.1
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0.3

0.4

Structural Mass Fraction

Figure 17. Natural Frequency vs. Structural Mass
Fraction for a Stack of 4, 8, and 12 Bays with 0.5",
1.0", 1.5" Walls at Different Floor Thicknesses
Composite Sandwich Panels
The examples so far have used aluminum facesheets for
the wall and floor sandwich panels as a simple baseline
for parametric trades. Most space structures derive
significant mass savings by using carbon composite
materials instead. Substituting a quasi-isotropic layup
of M55J/cyanate ester composite instead, the natural
frequency to structural mass fraction ratio can be
improved further.
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Configuration
There are a wide variety of ways a two, three, or four
deployed bay HexPak spacecraft can be configured,
with only a subset of viable placements of arrays, and
thrusters. Figure 19 illustrates a number of different
arrangements of bays, deployed solar arrays, and
orientations for thrusters. Solar arrays, particularly
articulated arrays, that have their axis of rotation
passing through the a joint between bays require more
complicated mechanisms and are less desirable than
arrays with axes passing through the geometric center
of a bay. Given the two dimensional spacecraft
geometry, thrusters can be directed normal to the hex
bays with little risk of interaction with the arrays, but
the arrangement of thrusters to vector thrust in the plane
of the bays must consider plume impingement on the
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arrays. Based on these criteria, viable configurations
and the most desirable configurations are indicated on
the figure with dashed and solid ellipses, respectively.

deployment mechanisms and data, power, and
mechanical interfaces between bays, and to host
relevant experiments and demonstrations. It consists of
three hexagonal bays on a support structure. The bays
are 2 meters in diameter, a dimension arrived at to
make demonstrations relevant to both large and small
applications, while still fitting in available laboratory
facilities; a 4.4 meter diameter hex fits a 5 meter heavy
lift vehicle fairing, and a 1 to 1.3 meter diameter hex
fits current and planned small launch vehicles. The
stowed cross-sectional area is 2.6 square meters, while
the deployed area of the three bays is triple that, at 7.8
square meters. Scaled to dimensions appropriate for
small satellites, a 1 meter diameter HexPak satellite
deploying to a realistic 4 bay configuration would
provide 2.6 square meters total deck area, and a 1.3
meter diameter design would deploy to 4.4 square
meters.

2m dia
(2.6 m2)
Figure 19. Possible Configurations of Bays, Solar
Arrays, and Thruster Vectors. Viable
Arrangements Circled (Solid Most Desirable)
Depending on the mission, some of these criteria can be
relaxed, or additional criteria (e.g. cold faces for IR
equipment) may be required. If power requirements
allow fixed or body mounted solar arrays,
thrusters/array interference is not an issue. For some
missions three dimensional thrust vectoring is not
necessary, and some missions, in which secular torque
from gravity gradient effects or solar pressure are made
cyclic by attitude maneuvers, may not require
symmetry at all.

Figure 20. HexPak Testbed Stowed
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Gravity

The HexPak architecture allows designers the flexibility
to adapt to a broad spectrum of mission requirements
while drawing from the same set of components.
RELATED WORK
Following is a brief summary of related HexPak efforts.

(a)

(b)
Hinge
Line 2
Aligned
with
Gravity

Latch 2

Latch 3
60°
Rotation

Mechanical Testbed
The HexPak mechanical testbed is designed to illustrate
the HexPak deployment concept, to test candidate
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Figure 21. HexPak Testbed Deployment
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packetized data over their network, enabling modular
interfaces and significant code reuse through levels of
programming abstraction. Combined with the two
dimensional HexPak geometry, this also enables
enormous flexibility in component layout.

Wireless
Switch
3.5 m
(7.8 m2)

Occupied
Mounts
Available
Mounts

Switch
Monitors

Figure 22. HexPak Testbed Deployed
As illustrated in Figure 23 the testbed can support a
variety of experiments and demos, as well as test other
deployment and interface mechanisms. A detailed
description of the testbed design is available in
reference 3.

Figure 24. Networked plug'n'play hardware
mounted on testbed
Detailed descriptions of the hardware layout and
software implementation are available in references 3
and 4 respectively.
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Modular Thermal Design
Thermal design for the HexPak structure is different
from traditional structures in that heat will generally be
radiated locally rather transported to remote radiators.
One important result is that the thermal design of
individual bays are uncoupled, reducing the complexity
of the system. Indeed, the thermal strategy for
individual components will be specific to the mission’s
orbital environment, and can be relatively decoupled as
well to enable a truly modular thermal design. This
analysis is described in more detail in reference 5.

Figure 23. Mounting and Mechanical Interface
Replacement Options
Plug’n’Play Network Testbed
One of the demonstrations mounted on the testbed is a
testbed for running experiments on a plug’n’play
networked command and data handling system. With
this architecture, payload components require only
power and network connections, and exchange
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Figure 25. Modular Thermal Design at the Bay
Level and at the Component Level

20th Annual AIAA/USU
Conference on Small Satellites

Streamlined Manufacture
The
modular
structure
should
improve
manufacturability, particularly for large numbers of
satellites, by allowing parallel production flows.
Efforts are underway to examine manufacturing steps in
detail in order to estimate and quantify the time savings
that can be gained for example missions.
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Figure 26. Articulated HexPak Work Stands for
ground handling (a) and Assembly for Stack
Integration (b)

Other Application Areas
The advantages that HexPak provides are applicable
beyond the realm of small satellites. HexPak is
particularly useful for high power communications
satellites, phased array radar and comms, and launching
multiple satellites from a single launch vehicle, and
Lockheed Martin is actively pursuing these mission
areas.
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CONCLUSION
The HexPak design provides significant advantages for
small satellites in terms of dramatically increased
mounting and aperture area, launch vehicle
accommodation, layout flexibility, and ease of
manufacture. This architecture is suitable for a wide
variety of missions, and viable layouts of subsystem
components that address a broad spectrum of
environments and applications have been demonstrated.
Work to further mature the design and develop a flight
demonstration opportunity is ongoing at Lockheed
Martin.
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